A comparison of optimization studies based on energy and exergy methods and for the ideal and actual working models of common power cycles are performed. The cycles considered include the simple gas-turbine cycle, the regenerative gas-turbine cycle, the regenerative gas turbine cycle with reheating and intercooling, the simple steam cycle, the reheat steam cycle, and the combined gas-vapor cycle. The optimization is performed to determine the optimum pressure ratios in gas-turbine cycles and the optimum boiler pressures in steam cycles that maximize the thermal efficiency of the cycle in energy method and the exergy efficiency in exergy method. The optimum points are also searched for maximizing the net work of the cycle in both energy and exergy methods. The results show that the optimum boiler pressures that maximize the network are identical based on both energy and exergy approaches and for both ideal and actual operating models in simple steam and reheat steam cycles. The optimum boiler pressures that maximize the cycle efficiency are about the same based on both energy and exergy approaches when ideal operations are considered in simple and reheat steam cycles. The optimum points differ when actual operations are considered for these cycles. The optimum pressure ratios that maximize the network are identical based on both energy and exergy approaches but different depending on the selection of an ideal or actual model in simple and regenerative gas-turbine cycles, and in combined cycle. No agreement with respect to the optimum pressure ratios that maximize the cycle efficiency is observed for all types of gas-turbine cycles including the combined cycle.
I. INTRODUCTION
When optimizing a power cycle, the optimization is generally done based on an energy analysis, as this is mostly the case in thermodynamics textbooks and related literature. Often, the ideal operations are assumed for steady-flow devices such as turbines, compressors, and pumps. What is meant with the ideal operations for these work producing or work consuming devices is 100 percent isentropic efficiency, which is sometimes called the first-law adiabatic efficiency. In some optimization tasks, the isentropic efficiency is taken to be less than 100%, usually around 80 to 95%.
Exergy analysis is a powerful tool in identifying the sites of inefficiencies in a quantitative manner for power cycles and this information may be used for improvement of the system in a priority basis. It is also used to determine the maximum performance of a system. The general principles and methodology of exergy analysis may be found in references [1] [2] [3] [4] . Despite the common acceptance of exergy method for performance analysis of power systems, the use of exergy as an optimization tool is not common.
In literature, many studies may be found in the exergy analysis of power cycles. Energy and exergy analyses were performed for each component in the reheatregenerative steam cycle [5] . The results showed that a clearer definition of the real losses in the system was given by the exergy method of analysis. Khaliq and Kaushik [6] investigated reheat combined power cycle using the second-law approach. Expressions involving the variables for specific power output, thermal efficiency, exergy destructions, and the second-law efficiencies were derived. Huang [7] also studied a combined cycle power plant based on exergy analysis. Sue and Chuang [8] studied the engineering design and theoretical exergetic analyses of the combustion gas turbine based power generation systems. They argued that the exergy analyses for a steam cycle system predict the plant efficiency more precisely. The performances of conventional power plants and nuclear power plants were discussed, based on the exergy concept by Verkhivker and Kosoy [9] . They pointed out that a solution can be sought by combining exergy and economic analyses. Kanoglu [10] used exergy analysis to assess the performance of a binary geothermal power plant.
In a series of papers, compared the energy and exergy analysis results for various power cycles with various fuels. He argued that the exergy analysis results present the system performance more realistically compared to energy analysis and it is useful in decision making regarding the use of different fuels. Struchtrup and Rosen [14] considered isentropic and exergy efficiencies for an adiabatic turbine and explained the differences and implications between them.
There are also some optimization studies on power cycles using energy and exergy analysis. Chen et al. [15] optimized an Otto cycle and obtained the optimization criteria of some parameters using the first law of thermodynamics. Kanoglu and Cengel [16] used a first-law analysis for optimization of different power cycles for a given geothermal resource. Tyagi et al. [17] optimized a regenerative-intercooled-reheat Brayton heat engine using an energy analysis and they found that the optimal points are different for maximum work and maximum thermal efficiency for a given set of operating condition. Saidi et al. [18] optimized a fuel cell with cogeneration application using exergy analysis and showed that the exergy analysis is a suitable tool for system optimization. Bejan and Siems [19] outlined a work that relies on exergy analysis and thermodynamic optimization in aircraft development.
This comprehensive review of literature indicates that despite numerous studies on energy and exergy analysis of power cycles, a study on the comparison of energy and exergy analysis for a cycle optimization task would be a new and valuable contribution to the literature. In this paper, we consider common power cycles and perform some optimization studies based on both energy and exergy methods. Both ideal (e.g., 100% isentropic and exergy efficiency) and actual (e.g., 90 or 95% isentropic and exergy efficiency) models for steady-flow devices such as turbines, compressors, and pumps are considered. We compare the resulting optimum points of operations that maximize the net work and cycle efficiency and hope to reach some conclusions in comparison of these two different approaches.
II. FORMULATIONS AND ASSUMPTIONS
The isentropic efficiency for a turbine is defined as the actual work divided by the isentropic work:
(1)
where h 1 and h 2 are the enthalpies at the inlet and exit states, respectively and h 2s is the enthalpy at the exit state for the isentropic expansion from the given inlet state and exit pressure. The exergy efficiency for a turbine is defined as the actual work divided by the reversible work:
(2) where s 1 and s 2 are the entropies at the inlet and exit states, respectively and T 0 is the dead state temperature. The isentropic and exergy efficiencies for a compressor and pump can be defined similarly considering that these are work-consuming devices so that the ideal work appears in the numerator and actual work appears in the denominator. The thermal efficiency of a power cycle is defined as the ratio of the net work to the heat input:
(3)
The exergy efficiency is defined as the ratio of the net work to the exergy increase of the working fluid as it passes through the boiler in a steam cycle or the combustion chamber in a gas-turbine cycle:
The cycles we consider in the optimization studies in this paper are (a) simple gas-turbine cycle, (b) gas-turbine cycle with regeneration, (c) gas-turbine cycle with intercooling, reheating and regeneration, (d) simple steam cycle, and (e) combined gas-steam cycle. The simple schematics of these cycles may be found in any thermodynamics textbook. The schematics of a gas-turbine cycle with intercooling, reheating and regeneration and a combined cycle are given in Figs. 1 and 2, respectively. One may easily obtain the schematics of other cycles. The following operating conditions are used in the analysis of gas-turbine cycles:
Compressor inlet state: 25°C, 1 atm Turbine inlet temperature: 927°C Turbine isentropic efficiency:
1.0 or 0.90 Compressor isentropic efficiency:
1.0 or 0.90 Turbine exergy efficiency:
1.0 or 0.95 Compressor exergy efficiency:
1.0 or 0.95 Regenerator effectiveness:
1.0 or 0.85 Dead state:
25°C, 1 atm
In steam cycles, the operating conditions used are:
Condenser pressure: 10 kPa Turbine inlet temperature: 500°C Reheat pressure:
Boiler pressure/4 Turbine isentropic efficiency:
1.0 or 0.90 246 In addition to these, for the combined cycle, we used a boiler pressure of 10 MPa and assumed that the combustion gases leave the heat exchanger at 177°C. The optimized parameter in the combined cycle is the pressure ratio in the gas loop. The energy based optimization analysis is aimed to find the optimum pressure ratio in gas-turbine cycles and optimum boiler pressure in steam cycles. The optimum points are searched for maximizing the thermal efficiency or the network output. In the exergybased optimization, the same optimum operating parameters are searched for maximizing the exergy efficiency (i.e., the second-law efficiency) or the network output.
An Investigation of Energy Versus Exergy Based Optimization For Power Cycles
In our analysis, for energy-based optimization, we use 100 percent and 90 percent isentropic efficiencies for work-producing and work-consuming devices for the ideal and actual models, respectively. Similarly, in exergy-based optimization, we use 100 percent and 90 (or 95) percent exergy efficiencies for the same devices. We observed that a 90% isentropic efficiency for steady-flow devices could be closely represented by 90% exergy efficiency for steam cycles and by 95% exergy efficiency for gas cycles. 100% case. The thermal efficiency keep increasing with the pressure ratio in the ideal case, as expected, since the thermal efficiency in this case may be written as a direct function of pressure ratio. When we observe Fig. 4 for the exergy results, we see that the same optimum pressure ratios (9.1 and 13.4) are obtained for the network while the optimum point is 18.5 for the thermal efficiency, which is somewhat smaller than the energy result of 21.3. The results for the regenerative gas-turbine cycle are given in Figs. 5 and 6. The optimum pressure ratios appear to be the same for the network based on both energy and exergy approaches: 13.4 for the ideal case and 9.1 for the actual case. The optimum points are not same but somewhat close for thermal efficiency: 4.8 (ideal) and 4.1 (actual) in energy approach; 5.5 (ideal) and 4.8 (actual) in exergy approach. 250 An The results of the gas turbine cycle with intercooling, reheating, and regeneration as shown in Figs. 7 and 8 indicate that the network increases with pressure ratio without any optimum point. The optimum pressure ratios that maximize the thermal efficiency turn out to be 10.6 and 8.4 in the energy approach; and 15.6 and 11.3 in the exergy approach. The values are not any close and indicate no correlation. The optimum boiler pressure that maximize the thermal efficiency and net work are searched for the simple steam cycle, and the results are given in Figs. 9 and 10 based on energy and exergy approaches, respectively. The optimum pressure that maximizes the network turns out to be 14 MPa for all four cases considered. This is an important result as it indicates that the same optimum boiler pressure is obtained for the simple steam cycle based on both energy and exergy analyses and for both ideal and actual cases. The optimum pressure for thermal efficiency is also same for both ideal and In the optimization of combined cycle, the boiler pressure is taken 10 MPa and the pressure ratio on the gas-turbine loop is optimized. The results as shown in Figs. 13 and 14 indicate that the same optimum points are obtained in energy and exergy approaches: 4.8 in ideal case and 4.1 in actual case. The optimum pressure ratios for thermal and exergy efficiencies of the cycle indicate no correlation.
It appears that there is a general agreement between energy and exergy methods with respect to optimizing cycles for maximizing the network for all cycles considered. The agreement also holds between the ideal and actual cases in steam cycles. The use of same output parameter (e.g., the net work) in both energy and exergy methods are one of the main reasons for these agreements. For a given steam turbine operation, the isentropic and exergy efficiencies are usually close to each other. By using the same values for both of these efficiencies, the network values turn out to be close as shown in Figs. 9 through 12. This is another reason for the good agreement in steam cycles. For a given gas turbine or air compressor operation, the isentropic and exergy efficiencies are usually not close to each other. Obtaining different optimum points with respect to ideal vs. actual model may be explained by this nature of gas turbines and air compressors.
There is generally no agreement with respect to optimum points for maximizing the cycle efficiency. The agreement is only observed for ideal cases of steam cycles. This general disagreement should not be surprising since two different definitions of cycle efficiency are considered: thermal efficiency in energy approach and exergy efficiency in exergy approach. The thermal efficiency is based on the heat input to the cycle whereas the exergy efficiency is based on the exergy input. If we were to use the thermal efficiency as the optimization criterion in both energy and exergy methods, the agreement would be similar to that in the case of the network based optimization. However, this would not be a proper course of action since it is not consistent to use exergy efficiency for the components while using thermal efficiency for the cycle.
IV. CONCLUSIONS
The optimization results based on both energy and exergy approaches are listed for convenience in Table 1 . We draw the following conclusions by investigating these results:
1. The optimum boiler pressures that maximize the network are identical based on both energy and exergy approaches and for both ideal and actual cycles in simple steam and reheat steam cycles. This means that either energy or exergy approach and either ideal or actual operating conditions may be considered when optimizing these particular cycles. 2. The optimum boiler pressures that maximize the cycle efficiency are about the same based on both energy and exergy approaches when ideal operations are considered in simple and reheat steam cycles. The optimum points differ when actual operations are considered for these cycles. 3. The optimum pressure ratios that maximize the network are identical based on both energy and exergy approaches but different depending on the selection of an ideal or actual model in simple and regenerative gas-turbine cycles, and in combined cycle.
4. In simple gas-turbine cycle, no optimum pressure ratio is observed for maximizing the cycle efficiency. The higher the pressure ratio, the higher the cycle efficiency. The limiting factor in this case is finding the best materials that can withstand high temperatures. 5. In regenerative gas-turbine cycle with reheating and intercooling, no optimum pressure ratio is observed for maximizing the network. 6. No agreement with respect to the optimum pressure ratios that maximize the cycle efficiency is observed for all types of gas-turbine cycles including the combined cycle. The results not only differ with energy vs. exergy approaches but also with ideal vs. actual operating cases. *The cycle efficiency is the thermal efficiency in energy approach and exergy (second-law) efficiency in exergy approach. **Ideal case refers to 100% isentropic efficiencies for steady-flow devices in energy approach and 100% exergy efficiencies in exergy approach.
V. NOMENCLATURE

